de Visser YP, Walther FJ, Laghmani EH, Steendijk P, Middeldorp M, van der Laarse A, Wagenaar GT. Phosphodiesterase 4 inhibition attenuates persistent heart and lung injury by neonatal hyperoxia in rats. Am J Physiol Lung Cell Mol Physiol 302: L56 -L67, 2012. First published September 23, 2011 doi:10.1152/ajplung.00041.2011 4 inhibitors are potent anti-inflammatory drugs with antihypertensive properties, and their therapeutic role in bronchopulmonary dysplasia (BPD) is still controversial. We studied the role of PDE4 inhibition with piclamilast on normal lung development and its therapeutic value on pulmonary hypertension (PH) and right ventricular hypertrophy (RVH) in neonatal rats with hyperoxiainduced lung injury, a valuable model for premature infants with severe BPD. The cardiopulmonary effects of piclamilast treatment (5 mg·kg Ϫ1 ·day Ϫ1 ) were investigated in two models of experimental BPD: 1) daily treatment during continuous exposure to hyperoxia for 10 days; and 2) late treatment and injury-recovery in which pups were exposed to hyperoxia or room air for 9 days, followed by 9 or 42 days of recovery in room air combined with treatment started on day 6 of oxygen exposure until day 18. Prophylactic piclamilast treatment reduced pulmonary fibrin deposition, septum thickness, arteriolar wall thickness, arteriolar vascular smooth muscle cell proliferation and RVH, and prolonged survival. In the late treatment and injuryrecovery model, hyperoxia caused persistent aberrant alveolar and vascular development, PH, and RVH. Treatment with piclamilast in both models reduced arteriolar wall thickness, attenuated RVH, and improved right ventricular function in the injury recovery model, but did not restore alveolarization or angiogenesis. Treatment with piclamilast did not show adverse cardiopulmonary effects in room air controls in both models. In conclusion, PDE4 inhibition attenuated and partially reversed PH and RVH, but did not advance alveolar development in neonatal rats with hyperoxic lung injury or affect normal lung and heart development. right ventricular hypertrophy; pulmonary hypertension; bronchopulmonary dysplasia; oxidative stress; piclamilast THE PRETERM LUNG IS HIGHLY susceptible to injury during resuscitation, mechanical ventilation, and proinflammatory mediators that may interfere with signaling pathways required for normal lung development, and this may progress toward bronchopulmonary dysplasia (BPD), a chronic lung disease (4). The hallmark in BPD is alveolar enlargement caused by an arrest in alveolar and vascular development. Serious complicating factors in the perinatal period are inflammation and oxidative stress and, at later stages, pulmonary hypertension (PH), due to elevated pulmonary artery pressure and pulmonary vascular resistance that increase afterload of the right ventricle (RV) and ultimately lead to RV hypertrophy (RVH) and associated cardiac disease (4, 21, 22). PH is characterized by persistent vasoconstriction and structural remodeling of the pulmonary blood vessels, including increased proliferation of vascular smooth muscle cells, which ultimately lead to high mortality in the absence of appropriate treatment due to right heart failure in children and adults (1, 3, 19, 33, 36) .
THE PRETERM LUNG IS HIGHLY susceptible to injury during resuscitation, mechanical ventilation, and proinflammatory mediators that may interfere with signaling pathways required for normal lung development, and this may progress toward bronchopulmonary dysplasia (BPD), a chronic lung disease (4) . The hallmark in BPD is alveolar enlargement caused by an arrest in alveolar and vascular development. Serious complicating factors in the perinatal period are inflammation and oxidative stress and, at later stages, pulmonary hypertension (PH), due to elevated pulmonary artery pressure and pulmonary vascular resistance that increase afterload of the right ventricle (RV) and ultimately lead to RV hypertrophy (RVH) and associated cardiac disease (4, 21, 22) . PH is characterized by persistent vasoconstriction and structural remodeling of the pulmonary blood vessels, including increased proliferation of vascular smooth muscle cells, which ultimately lead to high mortality in the absence of appropriate treatment due to right heart failure in children and adults (1, 3, 19, 33, 36) .
Agents that elevate intracellular cGMP or cAMP levels exert therapeutic effects in experimental models of PH (10, 11, 20, 31) . Phosphodiesterases (PDEs) inactivate the second messengers of important pulmonary vasodilator agents, including prostacyclin and nitric oxide, by hydrolysis. cAMP and its downstream target protein kinase A inhibit the extracellular signal-regulated kinase activation and suppress the proliferation of pulmonary fibroblasts, vascular smooth muscle cells, airway epithelial cells, and inflammatory cells (35) . Among the 11 families of PDEs, the major cAMP-metabolizing enzymes are attributed to the PDE4 family (7, 14, 15, 35) , which consists of four genes (A-D) that are expressed in all immunocompetent cells, pulmonary artery smooth muscle cells (27) , fibroblasts, and endothelial and epithelial cells (35) . Our laboratory recently demonstrated, in a hyperoxia-induced neonatal lung injury rat model, that PDE4 inhibition improved survival and reduced lung injury by attenuating pulmonary inflammation (12) .
The effect of PDE4 inhibition on cardiac disease in experimental BPD has to be elucidated, whereas the role of PDE4 inhibition on alveolarization in neonatal hyperoxic lung injury and in normal lung development in rodents is controversial (12, 26, 39) . Therefore, we studied the cardiopulmonary effects of the second generation PDE4 inhibitor piclamilast in neonatal rats with severe hyperoxia-induced BPD, which is complicated by PH and RVH, using two different treatment strategies: 1) a prophylactic treatment strategy (early concurrent treatment); and 2) a more clinically relevant strategy, in which treatment was started after injury was induced (late treatment and injuryrecovery). We demonstrated that prophylactic PDE4 inhibition with piclamilast in hyperoxia-induced neonatal lung injury improved angiogenesis and attenuated PH and RVH, but did not induce septation in the enlarged alveoli. In the injuryrecovery model, neonatal exposure to hyperoxia for 9 days induced persistent alveolar simplification, PH, and RVH in young adult rats. Late treatment with piclamilast reversed established PH and RVH, but did not advance alveolar and pulmonary vascular development. Piclamilast treatment did not exert adverse effects on normal lung and heart development in both models, despite postnatal growth retardation.
MATERIALS AND METHODS
Full methodological details are available in the online supplement. (The online version of this article contains the supplemental data.)
Animals
The research protocol was approved by the Institutional Animal Care and Use Committee of the Leiden University Medical Center. Neonatal rat pups were pooled and distributed over two experimental groups (N ϭ 12): an oxygen and oxygen-piclamilast group, and two room air-exposed control groups injected either with saline or piclamilast. The oxygen concentration, body weight, evidence of disease, and mortality were monitored daily.
Early concurrent treatment. Pups were continuously exposed to 100% oxygen for 10 days (Fig. 1A) . From day 2, pups received either 100 l piclamilast (5.0 mg·kg Ϫ1 ·day Ϫ1 ; a gift from Nycomed, Konstanz, Germany) in 0.9% saline (containing 0.05-0.1% DMSO), or daily 0.9% saline (containing 0.05-0.1% DMSO; 100 l), subcutaneously. Except for the survival experiments, lung and heart tissue were collected on days 1, 3, 6, and 10. Separate experiments were performed for collection of lung and heart tissue for pulmonary fibrin deposition and RT-PCR (N ϭ 12) and histology (N ϭ 12).
Late treatment and recovery. Lung injury and recovery were investigated by exposing pups to hyperoxia for 9 days, followed by recovery in room air for 9 or 42 days (Fig. 1B) . After 6 days of hyperoxia, daily injections with 100 l piclamilast (5.0 mg·kg Ϫ1 ·day Ϫ1 ) in 0.9% saline (containing 0.05-0.1% DMSO) or 100 l 0.9% saline (containing 0.05-0.1% DMSO) were started and continued throughout a 9-day recovery period in room air. Lung and heart tissues were collected for histology at the end of the 9-day hyperoxia period (N ϭ 8), after a 9-day recovery period in room air (N ϭ 8), and after 6-wk of recovery in room air (N ϭ 8).
Tissue Preparation
Lungs and heart were snap-frozen in liquid nitrogen for real-time RT-PCR or fibrin deposition assay and fixed in formalin for histology studies, as previously described (10, 11) .
Histology
Formalin-fixed, paraffin-embedded, 4-m-thick heart and lung sections were stained with hematoxylin and eosin. Lungs were immunostained additionally with anti-␣-smooth muscle actin (ASMA; 1:10,000), anti-von Willebrand factor (vWF; 1:4,000), anti-tenascin-C (TN-C; 1:500), or anti-Ki67 (1:125) using standard methods (10, 11) . Quantitative morphometry was performed by two independent researchers blinded to the treatment strategy, as previously described (10, 41) .
Fibrin Detection Assay
Quantitative fibrin deposition in lung tissue homogenates was determined by Western blotting, as described previously (11, 38) .
Cyclic AMP Assay
The cyclic AMP concentration was determined in lung tissue homogenates using a cyclic AMP EIA kit (581001.1, Cayman Chemical, Ann Arbor, MI), according to the manufacturer's instructions.
Real-time RT-PCR
Total RNA isolation from lung and heart tissue homogenates, first-strand cDNA synthesis, and real-time quantitative PCR were performed as described previously (10, 38) . Primers are listed in Table 1 .
Hemodynamic Measurements
On day 18, RV pressure-volume loops were determined as previously described (18) . After anesthetized rats were mechanically ventilated, a combined pressure-conductance catheter (model FT212, SciSense, London, Ontario, Canada) was introduced via the apex into the RV and positioned toward the pulmonary valve. The catheter was connected to a signal processor (FV898 Control Box, SciSense), and RV pressures and volumes were recorded digitally and analyzed. After hemodynamic measurements, the heart was removed, fixed in buffered formaldehyde, and processed for histology.
Statistical Analysis
Values are expressed as means Ϯ SE. Differences between groups (Ն3) were analyzed with ANOVA, followed by Tukey's multiplecomparison test. For comparison of survival curves, Kaplan-Meier analysis, followed by a log rank test, was performed. Differences in the number of RVs positive for TN-C were analyzed with contingency table Ϫ1 ; shaded bars; RA-pic and O2-pic, respectively) or 0.01% DMSO in 0.9% NaCl (open bars) was started on day 2 until day 10. †Lung and heart tissues were harvested on days 1, 3, 6, and 10. B: in the late treatment and recovery model for experimental BPD, neonatal rat pups were exposed to O2 (solid bars) or RA directly after birth (day 1) until day 9. Hereafter, pups were allowed to recover in RA up to day 51. Treatment with pic (shaded bars) or DMSO in 0.9% NaCl (open bars) was started on day 6 until day 18. †Lung and heart tissues were harvested on days 9 (end-hyperoxic period), 18 (end-treatment period), and 51. Right ventricular (RV) function was determined on day 18. analysis, followed by Fisher's exact test. GraphPad Prism 5 (GraphPad Software, La Jolla, CA) was used for statistical analysis. Differences at P values Ͻ 0.05 were considered statistically significant.
RESULTS

Effects of Piclamilast on Growth and Survival
Prophylactic treatment model. At birth, on postnatal day 1, mean body weight of the preterm rat pups was 5.2 g (Fig. 2A) . In room air-exposed control pups treated with 5.0 mg·kg Ϫ1 ·day Ϫ1 of piclamilast, growth was significantly retarded from day 5 onward compared with room air-and oxygen-exposed controls (P Ͻ 0.05; Fig. 2A ). Mean body weight of room air-exposed controls was 21.2 g, and that of oxygen-exposed pups was 15.2 g on day 10 . Piclamilast treatment significantly reduced body weight in room air-and oxygen-exposed pups to 13.2 and 10.6 g, respectively (Fig. 2B ). After 10 days of oxygen exposure, 77% of the oxygenexposed control pups survived vs. 100% of the pups of the other experimental groups (P Ͻ 0.001; Fig. 2C ). 
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; ECE-1, endothelin converting enzyme-1; ET, endothelin; IL-6, interleukin-6; TF, tissue factor; VEGF, vascular endothelial growth factor. ). Growth and body weight are expressed as means Ϯ SE. C: Kaplan-Meier survival curve of O2-pic rat pups ( ), age-matched, O2-exposed controls ( ), RA-exposed controls (छ), and RA-pic pups (ࡗ) during the first 10 days after birth (N ϭ 12). Survival data are expressed as percentage Ϯ SE of pups surviving at the observed time point. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. age-matched O2-exposed controls.
⌬ P Ͻ 0.05, ⌬⌬ P Ͻ 0.01, and ⌬⌬⌬ P Ͻ 0.001 vs. RA-pic pups. P Ͻ 0.001 vs. recovery on postnatal day (pd) 18.
Late treatment and injury-recovery model. On day 9, mean body weight of room air pups was 17.8 Ϯ 0.4 g (Fig. 2D) . On day 18, mean body weight was 32 Ϯ 0.8 g and increased to 190 Ϯ 7 g into adulthood on day 51. Mean body weight after 9 days of hyperoxia exposure was 13.3 Ϯ 0.5 g. A recovery period of 42 days (day 51) in room air resulted in a significant difference between room air-exposed and oxygen-exposed controls (190 Ϯ 7 vs. 165 Ϯ 8 g, P Ͻ 0.01). Treatment of room air controls and oxygen-exposed pups with piclamilast did not have a significant effect on mean body weight.
On days 9, 18, and 51, all room air-exposed pups survived (Fig. 2E ). Exposure to hyperoxia for 9 days resulted in a 73% survival, which increased to 90% after treatment with piclamilast during the last 3 days of hyperoxia (P Ͻ 0.001). Eighty percent of the pups that recovered in room air after hyperoxic lung injury survived until day 18, and Ͼ95% of the 18-day survivors were still alive on day 51. Survival on days 18 and 51 was not affected by piclamilast treatment.
Effects of Piclamilast on Lung Airway Development
Prophylactic treatment model. Lung development proceeds from the saccular stage at birth toward the alveolar stage on day 10 ( Fig. 3A) . Treatment with piclamilast for 10 days during normal neonatal development did not result in differences in alveolar septum thickness, pulmonary vessel density, alveolar crest (Fig. 3, B and E-G), and arteriolar medial wall thickness (Fig. 4 , B and I) compared with room air-exposed controls. Oxygen exposure for 10 days resulted in lung edema, a heterogeneous distribution of enlarged air spaces, which were surrounded by septa with increased thickness (1.8-fold, P Ͻ 0.001; Fig. 3 , C and F), a marked reduction in pulmonary vessel density (1.5-fold, P Ͻ 0.001 on day 6 and 3.8-fold, P Ͻ 0.001 on day 10; Fig. 3 , C and E) and number of alveolar crests (Fig. 3G ) compared with oxygen exposure for 10 days. To investigate the role of vascular smooth muscle cell proliferation in the hyperoxia-induced increase in medial wall thickness, we quantified the number of cells positive for the proliferation marker Ki67 (Fig. 4 , E-H) in the ASMA-positive layer of small arterioles (Fig. 4, A-D) . Treatment with piclamilast for 10 days during normal neonatal development did not result in differences in the number of Ki67-positive cells relative to arteriolar diameter (Fig. 4J ) or medial wall thickness (Fig. 4K ) compared with room air-exposed controls. Oxygen exposure for 10 days resulted in a persistent increase in the number of Ki67-positive cells from day 3 onward (1.6-fold, P Ͻ 0.01 on day 3; 1.8-fold, P Ͻ 0.05 on day 6 and 2.5-fold, P Ͻ 0.01 on day 10; Fig. 4 , G and J) compared with room air-exposed controls, which could be prevented by piclamilast treatment (Fig. 4, H and J) . The hyperoxia-induced increase in Ki67-positive cells in the ASMA-positive layer of small arterioles on days 6 and 10, but not on day 3, could be explained by an increase in medial wall thickness (Fig. 4K) .
Late treatment and injury-recovery model. Treatment of room air-exposed pups with piclamilast had no adverse effects on vascular (Fig. 5A ) and alveolar development (Fig. 5B ) and medial wall thickness (Fig. 5C ) on days 9, 18, and 51. Continuous neonatal exposure to hyperoxia for 9 days resulted in 3, 6 , and 10 (E) after early concurrent treatment. Pictures were taken at a ϫ200 magnification. Lung morphometry, including the quantifications of number of pulmonary vessels (E), septum thickness (F), and alveolar crest per tissue ratio (G), was determined on paraffin sections in RA and O2 pups daily injected either with saline or pic. Values are means Ϯ SE (N ϭ 12). *P Ͻ 0.05 and **P Ͻ 0.001 vs. age-matched, O2-exposed controls. ⌬ P Ͻ 0.05, ⌬⌬ P Ͻ 0.01, and ⌬⌬⌬ P Ͻ 0.001 vs. RA-pic pups. P Ͻ 0.001 vs. pd6.
enlarged alveoli, demonstrated by a 2.7-fold decrease in the number of alveolar crests (P Ͻ 0.001; Fig. 5B ), and disturbed vascular development, demonstrated by a 2.5-fold reduction in blood vessel density (P Ͻ 0.001; Fig. 5A ) and a 2.4-fold increase in medial wall thickness (P Ͻ 0.001; Fig. 5C ) compared with room air controls. Piclamilast treatment during the last 3 days of the injurious hyperoxic period from day 6 to day 9 did not improve alveolarization, vascular development, and medial wall thickness. A recovery period of 9 days in room air after hyperoxia-induced lung injury had a minor beneficial ⌬ P Ͻ 0.01 and ⌬⌬ P Ͻ 0.001 vs. RA-pic pups. ␦ P Ͻ 0.05, ␦␦ P Ͻ 0.01, and ␦␦␦ P Ͻ 0.001 vs. recovery on pd9. P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001 vs. recovery on pd18.
effect on the number of alveolar crests (P Ͻ 0.001; Fig. 5B ) and blood vessel density (P Ͻ 0.001; Fig. 5A ), but no effect on medial wall thickness (Fig. 5C ). Treatment with piclamilast did not improve alveolarization and vascular development, but reduced significantly medial wall thickness by 42.7% (P Ͻ 0.001; Fig. 5C ) compared with nontreated hyperoxia-exposed pups at the end of the recovery period on day 18. A recovery period of 42 days in room air after hyperoxia-induced lung injury had only a minor beneficial effect on the number of blood vessels on day 51 (P Ͻ 0.01; Fig. 5A ), but no improvement on alveolarization or medial wall thickness. Treatment with piclamilast did not improve alveolarization and vascular development, but reduced medial wall thickness by 45.9% (P Ͻ 0.001; Fig. 5C ) compared with nontreated hyperoxiaexposed pups at the end of the recovery period on day 51.
Effects of Piclamilast on Pulmonary Fibrin Deposition and cAMP Levels
Prophylactic treatment model. Pulmonary fibrin deposition, a sensitive marker for tissue damage in hyperoxia-induced lung injury, was studied in lung tissue homogenates (Fig. 6A ).
Fibrin deposition was at reference levels during normal neonatal pulmonary development on day 10 in the absence or presence of piclamilast treatment (Ͻ25 ng fibrin/mg tissue) and increased ninefold in lungs of pups exposed to 100% oxygen for 10 days (P Ͻ 0.01). Piclamilast therapy attenuated hyperoxia-induced fibrin deposition by 80% (P Ͻ 0.01), as demonstrated previously (12) .
Exposure to hyperoxia for 10 days decreased the cyclic AMP levels in lung homogenates 1.5-fold (P Ͻ 0.01), compared with room air controls (Fig. 6B) . Treatment with piclamilast did not restore the hyperoxia-induced decrease in cAMP levels and had no effect on cAMP levels during normal development in room air controls.
mRNA Expression in Lung Tissue
Prophylactic treatment model. Treatment with piclamilast for 10 days during normal neonatal development resulted in a decrease in mRNA expression (Fig. 7) of endothelin converting enzyme-1 (ECE-1) by 1.3-fold (F), endothelin (ET) receptor A (ET A ) by 1.4-fold (G) and ET B by 1.4-fold (H), but did not result in significant differences in mRNA expression of the pic (shaded bars) on day 10 after early concurrent treatment. Values are means Ϯ SE (N ϭ 12). **P Ͻ 0.01 and ***P Ͻ 0.001 vs. agematched, O2-exposed controls.
⌬⌬⌬ P Ͻ 0.001 vs. RA-exposed controls. inflammatory protein interleukin-6 (IL-6; A), the procoagulant protein tissue factor (TF; B), the growth factor vascular endothelial growth factor A (VEGFA; C), and its receptor vascular endothelial growth factor receptor-2 (VEGFR2; D). Ten days of oxygen exposure resulted in an increase in mRNA expression of IL-6 by 128-fold (P Ͻ 0.001), TF by 4.6-fold (P Ͻ 0.001), and endothelin-1 (ET-1) by 7.2-fold (P Ͻ 0.001), and a decrease in mRNA expression of VEGFA by 2.2-fold (P Ͻ 0.001), VEGFR2 by 2.7-fold (P Ͻ 0.001), ECE-1 by 1.3-fold (P Ͻ 0.05), ET A by 2.2-fold (P Ͻ 0.001), and ET B by 2.0-fold (P Ͻ 0.001). Treatment with piclamilast of oxygen-exposed pups for 10 days resulted in a reduction of the mRNA expression of IL-6 by 70% (P Ͻ 0.001) and TF by 54% (P Ͻ 0.001) and an increase in mRNA expression of VEGFA by 63% (P Ͻ 0.001), VEGFR2 by 102% (P Ͻ 0.05), and ET A by 56% (P Ͻ 0.001) compared with oxygen-exposed pups.
Heart Development and RVH
Prophylactic treatment model. At birth the ratio between RV and left ventricular (LV) free wall thickness was 0.44, decreased to 0.23 on day 3, and did not change hereafter until day 10 ( Fig. 8A) . Treatment of control pups with piclamilast did not result in any differences in cardiac characteristics (Fig. 8 , A-C, and Table 2 ). Exposure to hyperoxia resulted in a gradual development of RVH, as demonstrated by a 1.5-fold (P Ͻ 0.05) and a 2.1-fold (P Ͻ 0.001) increase in the ratio between RV and LV free wall thickness and a 1.6-fold (P Ͻ 0.05) and a 2.2-fold (P Ͻ 0.001) increase in RV free wall thickness on days 6 and 10, respectively, which was completely prevented by treatment with piclamilast (Fig. 8, A and B, and Table 2 ). Exposure to hyperoxia showed a tendency toward an increase in interventricular septum (IVS) thickness, but did not have a significant effect on LV free wall and IVS thickness (Fig. 8B and Table 2 ). Because the hyperoxia-induced increase in RV free wall thickness was highest on day 10, we also studied the weight ratio RV/(LV ϩ IVS) as an additional marker of RVH on day 10 (Fig. 8C) . Exposure to hyperoxia for 10 days resulted in a 1.5-fold increase in the RV/(LV ϩ IVS) weight ratio (P Ͻ 0.001; Fig. 8C ), which was prevented by treatment with piclamilast. Extracellular expression of TN-C, a marker of myocardial overload, was visible in the RV only after exposure to hyperoxia (Supplemental Fig. S1C, Table 3 ). Piclamilast treatment decreased the number of RVs positive for TN-C by 90% (P Ͻ 0.05, Supplemental Fig. S1D , Table 3 ). Extravascular TN-C expression was absent in room air-exposed controls injected with either saline or 5.0 mg·kg Ϫ1 ·day Ϫ1 of piclamilast (Supplemental Fig. S1 , A and B, Table 3 ).
Late treatment and injury-recovery model. Treatment of room air-exposed control pups with piclamilast had no effect on cardiac characteristics ( Fig. 9 and Table 4 ). Nine days of N ϭ 12) . B: paraffin heart sections stained with hematoxylin and eosin at a ϫ 40 magnification in RA controls, RA-pic, O2 controls, and O2-pic on days 1, 3, 6 , and 10. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. age-matched, O2-exposed controls.
␦ P Ͻ 0.01 vs. pd3. P Ͻ 0.01 vs. pd6.
hyperoxic lung injury resulted in a 1.3-fold increase in the ratio RV/LV wall thickness (P Ͻ 0.01; Fig. 9 ) and a 1.4-fold increase in RV free wall thickness compared with room air controls (P Ͻ 0.05; Table 4 ). A recovery period of 9 (day 18) or 42 days (day 51) did not reduce hyperoxia-induced RVH in the nontreated pups, but treatment with piclamilast attenuated hyperoxia-induced RVH on days 9, 18, and 51 ( Fig. 9 and Table 4 ).
Cardiac mRNA Expression
Prophylactic treatment model. Exposure to hyperoxia for 10 days increased RV mRNA expression for the natriuretic peptides, atrial natriuretic peptide (ANP; 13-fold; P Ͻ 0.001, Fig. 10A ) and brain natriuretic peptide (BNP; 17-fold; P Ͻ 0.001, Fig. 10B ), compared with room air controls. Treatment with piclamilast during hyperoxia decreased the expression of ANP (by 54%; P Ͻ 0.05) and BNP (by 64%; P Ͻ 0.001) compared with that in oxygen-exposed controls.
Exposure to hyperoxia for 10 days increased mRNA expression in the LV ϩ IVS for the natriuretic peptides, ANP (3.7-fold; P Ͻ 0.001, Fig. 10A ) and BNP (3.1-fold; P Ͻ 0.001, Fig. 10B ), compared with room air controls. In LV ϩ IVS, treatment with piclamilast decreased the expression of BNP (by 30%; P Ͻ 0.05) compared with oxygen-exposed controls.
RV Function
Late treatment and injury-recovery model. Treatment of room air-exposed control pups with piclamilast slowed down relaxation (P Ͻ 0.05) on day 18 (Table 5) . After a hyperoxic period of 9 days and 9 days of recovery, peak RV pressure and end-systolic RV pressure were elevated (P Ͻ 0.001), compared with room air controls, demonstrating hyperoxia-induced PH. Volumetric indexes and cardiac output were maintained, despite the increased afterload. Systolic function reflected by ejection fraction tended to be improved. Treatment with piclamilast reduced hyperoxia-induced peak RV pressure and end-systolic pressure by 20% (P Ͻ 0.05) compared with oxygen-exposed controls, demonstrating that piclamilast attenuated hyperoxia-induced PH on day 18 .
DISCUSSION
Our data demonstrate that prophylactic treatment with piclamilast, a specific second generation PDE4 inhibitor, prolongs survival and prevents cardiopulmonary disease in neonatal rat pups with hyperoxia-induced chronic lung disease, a valuable model for severe BPD in preterm infants (38) . Piclamilast treatment of experimental BPD prevented the development of PH and RVH and attenuated lung inflammation, alveolar septum thickness, impaired angiogenesis, and vascular arteriolar remodeling. Early exposure to hyperoxia for 9 days in the neonatal period causes persistent alveolar simplification, PH, and RVH in neonatal and adult rats. Piclamilast treatment reverses established PH and RVH in hyperoxia-exposed rat pups and in adult survivors of hyperoxic lung injury in an injury-recovery model, but does not reverse hyperoxia-induced alveolar enlargement in neonatal and adult rats.
Neonatal lung injury by exposure to 100% oxygen is a valuable rat model for severe BPD in preterm infants (38) , suffering from an overwhelming inflammatory response accompanied by complications such as PH and RVH, that are characteristic for premature infants with "old" BPD. Exposure to lower oxygen concentration results in a milder injurious response in rodents with fewer pulmonary vascular and cardiac complications that reflects "new" BPD in premature infants, nowadays seen in neonatal intensive care units (41) .
Prophylactic piclamilast treatment improved hyperoxia-induced RVH, as shown by reduced thickness and weight of the RV, and reduced ANP, BNP, and extracellular TN-C expression in the RV, markers that are upregulated under myocardial stress conditions (5, 40) . Although PDE4 is expressed in the mammalian heart, the therapeutic effects of PDE4 inhibitors in cardiac disease are still unclear (29) . The beneficial effect of piclamilast on the heart can be explained indirectly by a decrease in pulmonary arteriolar wall thickness, resulting in less vasoconstriction and PH and, as a result, reduced RVH. 
Values are means Ϯ SE in m/ ͙ 3 body wt. RA, room air; RV, right ventricle; LV, left ventricle; IVS, interventricular septum; NA, not applicable. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. age-matched O2-exposed controls.
␦ P Ͻ 0.001 vs. postnatal day 3. P Ͻ 0.01 and P Ͻ 0.001 vs. postnatal day 6. Vasoconstriction and remodeling of pulmonary blood vessels with proliferation of smooth muscle cells and fibroblasts in pulmonary vessels are important contributors to PH (2, 19) . In this study, we demonstrate that the hyperoxia-induced increase in medial wall thickness of pulmonary arterioles is preceded by an increase in vascular smooth muscle cell proliferation that can be blocked by PDE4 inhibition with piclamilast, suggesting an important role of vascular smooth muscle cell proliferation in the development of PH. The importance of smooth muscle cells in the therapeutic effect of PDE3 and PDE4 inhibitors in PH is supported by 1) a reduced proliferation of pulmonary artery smooth muscle cells by cAMP (30) ; 2) a high activity of PDE3 and PDE4 in these cells (28) ; and 3) the beneficial effects of PDE3 and/or PDE4 inhibitors on vascular remodeling, vasoconstriction, and RVH in experimental models in vivo, including hyperoxia-induced neonatal lung injury (this study), monocrotaline-or hypoxia-induced PH (20, 28) , bleomycin-induced pulmonary fibrosis (8) , and in vitro studies with human pulmonary artery smooth muscle cells (16) . Studies with prostacyclin analogs, which induce relaxation of vascular smooth muscle by stimulating the production of cAMP and, subsequently, inhibiting the proliferation of smooth muscle cells, have shown a decrease in pulmonary arterial hypertension in vitro and in vivo (6, 32) . Because PDE4 inhibition reduces the expression of ET-1, a potent vasoconstrictor and stimulator of the proliferation of vascular smooth muscle cells in adult lung injury animal models of (8, 9), we studied mRNA expression of ET-1, its converting enzyme ECE-1, and both receptors ET A and ET B in experimental BPD. Piclamilast treatment does not affect the hyperoxia-induced increase in ET-1 and decrease in ECE-1 and ET B expression, and even partially restores ET A expression, which is associated Values are means Ϯ SE in m/ ͙ 3 body wt. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. age-matched O2-exposed controls. ⌬ P Ͻ 0.001 vs. RA-exposed controls.
␦ P Ͻ 0.001 vs. postnatal day 18. with smooth muscle cell proliferation and contraction (19) . These data suggest that signaling of ET-1 via ET A and ET B does not play a significant role in the beneficial effects of piclamilast on PH and lung damage in hyperoxia-induced lung injury. Since proinflammatory cytokines and chemokines can stimulate pulmonary artery smooth muscle cell proliferation (17) , the therapeutic effect of PDE4 inhibition on PH in experimental BPD may, at least partially, take place via inhibition of the inflammatory response, an important contributor to experimental BPD in this and previous studies on neonatal hyperoxia-induced lung disease, which is significantly inhibited in the prophylactic experimental BPD model by the PDE4 inhibitors piclamilast and rolipram (12, 26) .
A small beneficial effect of piclamilast treatment on vascularization, associated with an increased expression of the angiogenic factor VEGFA and its receptor VEGFR2, was observed on day 10 in the prophylactic model, but not at any other time point, and not in the injury recovery model. However, a similar effect on alveolarization was absent, which was unexpected, because both processes are linked to each other. After 10 days of exposure to hyperoxia, the lung, including the vascular endothelium, is seriously damaged, resulting in a decrease in expression of vWF. Piclamilast treatment protects the lung and its vascular bed from damage during the hyperoxic insult by attenuating the inflammatory process and vascular remodeling, thereby attenuating the reduction in vWF expression.
Hyperoxia-induced RVH, which can be detected from neonatal day 6 onward, precedes the detection of PH, determined by arteriolar wall thickness, which can be detected from neonatal day 9 onward. Since RVH is a direct consequence of PH, these unexpected results can be explained by increased vasoconstriction rather than proliferation of vascular smooth muscle cells in small pulmonary arterioles and/or a reduction of the pulmonary vascular bed, as demonstrated by a decrease in pulmonary vascular density from day 6 onward.
Recent data on PDE4 inhibition in hyperoxia-induced neonatal lung injury show conflicting effects on alveolarization in rodents (25) . In neonatal rats with an ongoing lung injury due to oxidative stress and inflammation, piclamilast or rolipram did not protect against impaired alveolarization (this study and Refs. 12, 26), but in a less aggressive model of hyperoxic lung injury in neonatal mice, PDE4 inhibition with cilomilast enhanced lung alveolarization (39) . These contradictory findings may be explained by differences in oxidative stress (100 vs. 85% oxygen), duration of hyperoxia (10 vs. 28 days), start of treatment (starting on day 1 vs. 14), the PDE4 inhibitor used (rolipram, piclamilast and cilomilast), and species (rats vs. mice). In contrast with cilomilast treatment, rolipram and piclamilast treatment reduces body weight gain, which will decrease lung volumes and absolute alveolar surface area (24) . The observed growth retardation in neonatal rats after piclamilast administration can be explained, at least in part, by a decrease in food intake, which is possibly due to reduced 15.6 Ϯ 1.0 24.8 Ϯ 1.4*** Note: All volumetric indexes were indexed for body weight. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. age-matched O2-exposed controls. ⌬ P Ͻ 0.05 and ⌬⌬ P Ͻ 0.01 vs. RA-exposed controls. ; shaded bar) on day 10 after early concurrent treatment. Values are means Ϯ SE (N ϭ 12). *P Ͻ 0.05 and **P Ͻ 0.001 vs. age-matched, O2-exposed controls.
passage, although we did not systemically evaluate this. However, we did not find any effect of PDE4 inhibition on normal, lung development, i.e., alveolarization and angiogenesis were normal, despite a reduction in body weight gain compared with untreated normal rats (this study and Refs. 12, 26). PDE4 inhibitors have adverse effects in adult patients that are associated with the central nervous system, including emesis, nausea, and vomiting (23) . Although piclamilast in particular, and nonspecific PDE inhibitors in general, such as theophylline, are not known to have adverse effects on neurodevelopment (37), it will be important to evaluate this potential before piclamilast could be considered in clinical trials in neonates (13, 34) .
Piclamilast treatment does not have a significant effect on total cAMP levels in lung tissue under normoxia and hyperoxia in rat pups. Because local differences in cAMP levels are not revealed by whole lung tissue measurements, the expected PDE4 inhibitor-induced increase in cAMP levels in vascular smooth muscle cells are probably compensated by a decrease in other cell types by the complex interaction of different stimuli and enzymes that lead to the generation and inactivation of cAMP and/or cGMP by numerous PDEs (14, 15) .
Treatment of oxygen-exposed rat pups with piclamilast resulted in a decrease in end-systolic and peak systolic RV pressure. However, the effect of piclamilast on heart pressure was less than expected from our morphometric data on lung arteriolar wall thickness and RVH (RV free wall thickness, relative to the LV). This discrepancy may be explained by 1) a reduction of the pulmonary vascular bed, as demonstrated by a persistent decrease in hyperoxia-induced vascular density that cannot be restored after piclamilast treatment; and/or 2) a direct effect of piclamilast on the myocardium, resulting in enhanced contractility of the RV. We hypothesize that this direct effect on the heart of piclamilast, being a PDE4 inhibitor, may be explained by an increase in intracellular cAMP levels in cardiomyocytes. Elevated cAMP levels after ␤-adrenergicdependent signaling are associated with a positive inotropic effect, resulting in protein kinase A-dependent phosphorylation of multiple proteins involved in the regulation of the cytosolic Ca 2ϩ concentration (29) . Piclamilast-induced enhanced contractility of the RV can explain, at least in part, the limited increase in RV free wall thickness in piclamilast-treated oxygen-exposed rats, despite an elevated RV peak pressure.
Perspectives
Although in neonatal rats with hyperoxia-induced lung injury piclamilast has been shown to reduce PH and RVH, both major contributors to mortality or severe morbidity in patients with BPD, the mechanism by which piclamilast affects the developing organism needs to be better defined before clinical application should be considered.
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